Introduction
and Correns (1909) Kuroiwa 1991 , Gillham 1994 . The uniparental inheritance of mitochondria and chloroplasts has often been explained by the difference in size between female and male gametes (Kuroiwa 2010a , 2010b , Nishimura 2010 ).
However, the process leading to this inheritance pattern is not simple because uniparental inheritance occurs in isogamous algae of the genus Chlamydomonas (Sager 1954) .
Chlamydomonas reinhardtii have chloroplasts and mitochondria. The chloroplast DNA (cpDNA) is organized into 5-10 DNA-protein complexes known as chloroplast nucleoids (Kuroiwa et al. 1981 (Kuroiwa et al. , 1982 , while the mitochondrial DNA (mtDNA) is a 15.8-kbp linear molecule Chiang 1980, Ryan et al. 1978 ) that is organized into about 20 mitochondrial nucleoids per cell (Nishimura et al. 1998) . Mt+ (female) and mt-(male) gametes join to form diploid zygotes.
After exposure of these zygotes to light for one day and successive incubation in the dark for about one week, meiosis begins and usually four haploid daughter cells are produced (Sager 1954) . Sager (1954) produced streptomycin-resistant strains and demonstrated that this resistance was inherited maternally; moreover, it was shown that the progeny inherited chloroplast genes from the mt+ parent. Notably, paternal inheritance occurred at a frequency of 1-10% of the total; that is, the daughter cells also inherited chloroplast genes from the mt-parent.
Biparental inheritance also occurred at a low frequency; namely, chloroplast genes were transmitted from both parents. Thus, the terms maternal, biparental, and paternal inheritance refer to uniparental inheritance in a nonMendelian fashion (Gillham 1994 ). Sager and Lane (1972) reported the biochemical results of a CsCl equilibrium gradient experiment using C. reinhardtii. CpDNA of male origin disappeared selectively in zygotes 6-24 h after mating. They proposed a modification-restriction system, analogous to the bacterial system. According to this system, nonmethylated cpDNA of male origin is digested (Sager and Lane 1972 , Burton et al. 1979 , Royer and Sager 1979 , Sano et al. 1981 . CpDNA of female origin is not digested because its cytosine residues are heavily methylated during the first 6 h after zygote formation. Later, Feng and Chiang (1984) denied this system using 5-azacytidine methylation inhibitor experiments. Kuroiwa et al. (1982) stained cells with the DNA-specific fluorochrome 4', 6-diamidino-2-pheny-lindole (DAPI) and presented the first fluorescence microscopic evidence that chloroplast nucleoids of male parent origin disappeared completely during the first 40-50 min after mating. Kuroiwa (1985) proposed an active digestion hypothesis. This model has been applied to both mitochondrial and chloroplast inheritance in plants and animals. This review addresses research on mitochondrial inheritance in
Chlamydomonas.
Mitochondria inherit its DNA from male parents in Chlamydomonas Soichi Nakamura, Hiroaki Aoyama Laboratory of Cell and Functional Biology, Faculty of Science, University of the Ryukyus, Nishihara, Okinawa 903-0123, Japan Summary: Chloroplast and mitochondrial DNA (mtDNA) is inherited exclusively from the female parent in the plant and animal kingdoms. In isogamous green algae of the genus Chlamydomonas, however, chloroplast DNA (cpDNA) is inherited maternally while mtDNA is inherited paternally. To study the paternal inheritance of mtDNA in Chlamydomonas, markers were constructed to distinguish mtDNA origins, diploid cells were constructed, and genetic, molecular biological and microscopic analyses of mt+ and mt-mtDNA in zygotes were conducted. Here, the literature on mitochondrial inheritance in Chlamydomonas is reviewed.
Experiments showing the paternal inheritance of mtDNA in Chlamydomonas Boynton et al. (1987) crossed interspecific strains of C. smithii mt+ with C. reinhardtii mt-and analyzed the resulting progeny based on physical differences in restriction fragment patterns between the organelle genomes of these strains. A reciprocal cross was also conducted. All of the meiotic progeny showed paternal inheritance.
Furthermore, the effect of UV irradiation on mitochondrial inheritance was studied ). In each cross, aliquots of mt+ and mt-parents were UV irradiated prior to mating and then mated with non-irradiated cells of the opposite mating type. The UV intensity promoted biparental inheritance of chloroplast genes at a frequency of 20-30% when only the mt+ parent was irradiated. In the experiment, the above interspecific Two mutants, dum-1 and dum-2 (Matagne et al. 1989) , carrying a 1.5-kbp deletion in the mitochondrial cob gene were found to be defective in respiration. The zygote germination frequency was low (20-50%) when the mutants were crossed with wild-type mt+ cells. These crosses showed about an 85% rate of paternal inheritance of the mutant character. In the reciprocal cross, the wildtype character (mt-) was transmitted paternally at an almost 100% frequency.
Using the methods of Matagne et al. (1989 ), Colin et al. (1995 
isolated two additional mutants, dum-18
and dum-19, carrying frame-shift mutations in cox1 that were unable to grow under heterotrophic conditions. These mutants showed complete paternal inheritance of mitochondria.
Furthermore, seven mutants were isolated after treatment with acriflavine or ethidium bromide. Those mutants carrying a deletion or other mutation in the cob or cox1 gene were unable to grow at all or grew only barely under heterotrophic (darkness + acetate) conditions (Dorthu et al. 1992) . The frequency of paternal inheritance was 99-100% when mt-wild-type and mt+ mutant cells were crossed. 5-day-old zygotes were used for the analysis. In reciprocal crosses, the frequency was 72-100%. The effect of zygote maturation for 3 to 10 days on paternal inheritance was also studied using the mutant dum-4, which shows roughly 80% paternal inheritance.
The percentage of germinating zygotes was 70-80%.
The mitochondria displayed paternal inheritance, with the wild-type mt-showing strict paternal inheritance and mutant mt-showing lower frequencies concomitant with an increase in the maturation period. Bennoun et al. (1991) isolated three mutants resistant to mucidin and myxothiazole. Diploid cells resistant to these inhibitors were first isolated to avoid isolating drugpermeable mutants; next, the diploids were crossed with wild-type haploid mt+ cells for haploidization. Finally, the mutant MUD2, which has a T-C point mutation at position 410 in the cob gene, was isolated. Strict paternal inheritance against these two inhibitors was observed.
The experiments described above raise questions as to whether they accurately represent the process of paternal inheritance, as they were based on crosses between interspecific strains , Beckers et al. 1991 , respiration-deficient mutants (Matagne et al. 1989 , Dorthu et al. 1992 , Colin et al. 1995 , or haploid cells derived from artificially produced diploid cells (Bennoun et al. 1991) . To answer these questions, Nakamura et al. However, the mating efficiency was always less than 1% following any backcross to C. smithii. In two-directional backcrosses, the frequency of complete tetrad production was less than 10% in the initial cross, but increased to almost 100% at the third step. An analysis of the progeny revealed that mtDNA was inherited strictly paternally.
The period of maternal mtDNA disappearance Beckers et al. (1991) crossed interspecific strains of C. reinhardtii with C. smithii, and followed the fate of mtDNA by the hybridization of restriction digestion bands from gametogenesis until sporulation to determine when maternal mtDNA disappears. The fragment derived from mt+ C. reinhardtii decreased progressively from day 2 of zygote maturation in the dark. However, light was required to completely eliminate the remaining mt+ mtDNA irrespective of the duration of zygote maturation.
Next, changes in the total amounts of mtDNA and cpDNA relative to the amount of nuclear DNA were tracked using real-time PCR and quantitative Southern blotting (Aoyama et al. 2006 ). At about 6 h after zygote formation and just before the first meiotic division, a significant decrease in the amount of mtDNA was detected (Fig. 1) . To verify these decreases, they traced mt+ and mt-parental mtDNA by digesting the PCRamplified cox1 gene products with XbaI. To obtain accurate data, a single zygote was selected using a manipulator under a microscope and subjected to nested PCR (Fig. 2) . The cox1 gene of C. smithii has a point mutation that serves as a cleavage site for XbaI, whereas C. reinhardtii-type cox1 does not have this cleavage site. Figure 3 Detection of mtDNA originating from mt+ and mtparents in a single zygote by PCR amplification of the cox1 gene and restriction enzyme digestion of the amplified product. Nested PCR products of single zygotes isolated at 24 h after mating and at 0, 3, 6, 12, and 18 h after light exposure in matured zygotes and XbaI-cut nested PCR products. 1-5: Number of isolated single zygotes; M: marker of parental mtDNA origin (upper band, mtorigin; lower band, mt+ origin). Note that mt+ parental mtDNA was eliminated during meiosis between 6 and 12 h after light exposure of mature zygotes (Aoyama et al. 2006) . Thus, cox1 was used as a marker to distinguish between mt+ and mt-mtDNA. Between 6 and 12 h after the matured zygotes were exposed to light, all mt+ parental mtDNA had disappeared (Fig. 3) . This time point and the disappearance were confirmed using two-color fluorescence in situ hybridization (FISH) analysis (Fig.   4) . The cells were hybridized simultaneously with two probes. FISH analysis of the isolated zygotes, which were used to avoid contamination with unmated cells, showed that the selective disappearance of mt+ mtDNA occurred just before the first meiotic division. They determined that the mating reaction and successive events proceeded normally in the zygotes. Mitochondrial Figure 4 Two-color FISH analysis of the cox1 and cob-1 intron genes in mtDNA and DAPI staining of mitochondrial nucleoids. The mt-gamete carried cox1 while the mt+ gamete carried the cox1 and cob-1 intron genes. The rhodamine red signal indicates cox1 while the FITC green signal corresponds to the cob-1 intron gene. a-d A zygote at 6 h after mating. e-h A zygote in meiosis at 6h after light exposure. i-l A zygote in meiosis at 18h after light exposure. a, e, and i Rhodamine signal from the cox1gene. b, f, j FITC signal from the cob-1intron gene. c Merged image of a and b. g Merged image of e and f. k Merged image of i and j. Where the rhodamine (red) and FITC (green) signals overlapped, a yellow color was produced. d DAPI staining of the same cell used in a and b. h DAPI staining of the same cell used in e and f. l DAPI staining of the same cell used in i and j. Note that the signal derived from mt+ parental mtDNA was observed until 6 h into meiosis, but by 18 h the signal had disappeared (Aoyama et al. 2006) . Bar: 5 µm.
Figure 5
Fluorescence images of zygotes on day 1 and during meiosis. The pictures were taken at 0.5 h and 1 day after zygote formation and at 0, 6, 9, 10, 12, 13, 15, and 18 h after light exposure of matured zygotes. SYBR Green I was used to observe nucleoids. DiOC6 was used to observe mitochondria. Asterisk, cell nucleus; arrowheads, mitochondrial nucleoids; arrows, chloroplast nucleoids; double arrowheads, mitochondrial or chloroplast nucleoid; double black arrowhead, threadlike structure of nucleoids; black arrowhead, nucleoid particle; black arrow, mitochondria. Bar: 5 µm. nucleoids were observed in both the mt+ and mt-parental sides of the zygote 2 h after mating. The number of mitochondrial nucleoids was nearly the same in both sides of the zygote. From these results, they deduced the biparental inheritance of mtDNA.
On the other hand, to trace maternal and paternal mtDNA from the period of zygote formation until zoospore formation, Aoyama et al. (2006 Aoyama et al. ( , 2009 FISH analyses a significant decrease in or disappearance of mtDNA was detected just before the first meiotic division (Aoyama et al. 2006) . Based on these results, Aoyama et al. (2006 Aoyama et al. ( , 2009 observed the behavior of the nucleoids carefully. During this period, the organelle nucleoids showed vigorous assembly movements around the nucleus and dispersion from the nuclear region (9 hr-13 hr; Fig. 5 ).
Because of the numerous tiny mitochondrial and plastid nucleoids, and vigorous movement of the nucleoids just before meiosis, they did not observe a significant drop in the number of mitochondrial nucleoids.
These observations are summarized in Fig. 6 .
No methylation of mtDNA
Following the modification-restriction system proposed for the maternal inheritance of cpDNA by Sager and Lane (1972) , Beckers et al. (1991) analyzed the methylation of mtDNA to explain the slow elimination of mt+ mtDNA Figure 6 Main events occurring during the period between zygote formation and zoospore formation. a About 1 h after zygote formation, only mt-chloroplast nucleoids had disappeared. At about 2 h, the two cell nuclei began to fuse, and mitochondrial nucleoids were still scattered throughout the zygote. At around 6 h, the amount of DNA in the mitochondria had decreased by about half. The numbers indicate the hours after mating. b When matured zygotes were exposed to light, the selective elimination of mt+ mtDNA occurred just before mtDNA synthesis. Some nucleoids began to form short threadlike structures. Mitochondria probably synthesize their DNA during this period and divide and increase in number; subsequently, the nucleoids become particles again. Once nucleoid particles began to assemble around the circumference of the nucleus, they began to disperse radially to the other hemisphere. Later, the first and second cell divisions occurred. The numbers indicate the hours after light exposure of the matured zygotes. and the remaining mt-mtDNA during zygote maturation.
In their analysis, they used restriction enzymes sensitive or insensitive to methylation; however, they found that the mtDNA of the mt+ and mt-gametes and 4-day-old zygotes was not methylated. Boynton et al. (1987) Whether the mt+ or mt-parent carried the mutation, the diploids showed a paternal inheritance frequency of between 100 and 56%, depending on the experiment. Thus, the vegetative diploids showed biparental mtDNA inheritance.
Biparental inheritance of mtDNA in diploids
Whereas C. smithii possesses a 1-kb intron located in the cob gene (cob-1 intron) and an additional HpaI restriction site (H marker) in cox1, about 5 kb from the intron, C. reinhardtii has neither the intron nor the restriction site. Remacle et al. (1990) isolated diploids using sexual crosses and polyethylene glycol fusions of these two interspecific strains to complement their cell wall-less or auxotrophic arginine mutations. Based on Southern blot analysis, the H marker was usually inherited paternally (~80% frequency) when the mt-parent was C.
smithii (+H marker, +intron) . When the mt-parent was C. reinhardtii (-H marker, -intron), most progeny showed biparental inheritance (50-75%) of the H marker. Diploids were also obtained from crosses between the progeny (+H marker, +intron) of a cross between C. reinhardtii and C smithii, and recombinants (-H marker, +intron). The diploids were almost evenly divided between paternal (48-52%) and biparental (43-44%) inheritance, and the transmission pattern was similar in reciprocal crosses.
On the other hand, in diploids created from the artificial fusion of vegetative cells, the H marker was transmitted from the C. smithii parent to diploids at a 71-87% frequency, independent of the C. smithii mating type. All of the diploids inherited the intron. Thus, mt-mtDNA appears to be inherited more often than mt+ mtDNA, and mating type seems to have no effect on the diploids produced by artificial fusion.
In summary, the paternal inheritance of mtDNA occurs when the mating process proceeds normally; however, if this process is upset, paternal inheritance is disrupted.
Lack of mutants showing a disruption in the paternal
inheritance of mtDNA Gillham et al. (1987) The maternal inheritance of chloroplasts and mitochondria is common in higher plants, except for in certain conifers (Tilney-Bassett 1978 , Kuroiwa 1991 , 2010b , Gillham 1994 . CpDNA is inherited paternally and mtDNA is inherited maternally (Neale and Sederoff 1989) . Thus, the uniparental inheritance of organelle genomes from opposite sexes of a single species appears to be unique to Chlamydomonas and pines among plants.
These species must have special mechanisms to degrade organelles.
